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Description 



HYBRID SOI/BULK SEMICONDUCTOR 
TRANSISTORS 

Background of Invention 

[0001] The present invention generally relates to high perfor- 
mance transistors suitable for manufacture at very high 
density in integrated circuits and, more particularly, to 
transistors formed with performance enhancing structures 
below the gates thereof. 

[0002] The potential for improved performance, functionality and 
economy of manufacture has driven continual increases in 
integration density of integrated circuits and reduction of 
size of individual transistors therein. However, the electri- 
cal characteristics of transistors are difficult to maintain 
when fabricated at smaller feature sizes. For example, in 
field effect transistors (FETs), short channel effects and 
punch-through, differences in conduction between nFET 
and pFET devices and differences of impurity diffusion 
rates have led to sophisticated impurity structures and 



profiles to control the field in and adjacent to the channel 
and below the gate to manipulate the channel geometry 
and maintain acceptable on/off resistance ratios at low 
control voltages (e.g. below breakdown thresholds which 
are reduced at reduced dimensions). 
[0003] Another technique of regulating channel dimensions, par- 
ticularly channel depth, and junction capacitance (which, 
in bulk semiconductor devices is large and degrades 
switching speed) is through use of silicon-on-insulator 
(SOI) or ultra-thin silicon-on-insulator (UT-SOI) sub- 
strates on which the transistors are formed. UT-SOI tech- 
nology can avoid the problem that, in bulk semiconductor 
devices at small sizes, the channel is too deep to allow 
adequate control of short channel effects. However, the 
thin silicon layer in SOI devices and UT-SOI device, in par- 
ticular, causes increased resistance which is very difficult 
to reduce without a trade-off of increased susceptibility to 
short channel effects, particularly between nFETs and 
pFETs in complementary (e.g. CMOS) circuits due to dif- 
ferences in diffusivity of boron and arsenic or phosphorus 
and which generally require different set-backs or recess 
differences of source/drain and extension regions for op- 
timal nFET and pFET designs that are not generally practi- 



cal to provide. Also, the insulator layer in SOI substrates 
prevents effective electrical connection to the channel re- 
gions and results in floating body effects which can un- 
predictably alter the switching threshold of transistors. 
Further, UT-SOI wafers are far more expensive than bulk 
semiconductor wafers and significantly increase the cost 
of manufacture of integrated circuit chips. 
[0004] SOI film transistors is to provide a raised source and A 
known technique for reducing resistance in thin drain 
(RSD) structure by growth of additional semiconductor 
material in the source and drain regions. However, RSD 
structures are generally formed adjacent a thin spacer on 
the sides of the transistor gate and increase the overlap 
capacitance (the capacitance between the extension impu- 
rity region and the gate electrode across the gate dielec- 
tric and thin spacer) significantly; degrading transistor 
performance. Typical capacitance increases for a 30 nm 
RSD are about 0.08fF/um (about 25% increase) for a 10 
nm oxide spacer and about 0.2 fF/um (about 50% in- 
crease) for a 10 nm nitride spacer. Additionally, the mini- 
mal thickness of the spacer appropriate to reducing resis- 
tance through the use of RSD structures places the 
source/drain implants too close to the gate. 



[0005] ^ is also known that electrical properties may vary sub- 
stantially between pFET and nFET devices due to differ- 
ences in carrier mobility. It is also known that carrier mo- 
bility can be altered by application of tensile or compres- 
sive stresses to a volume of semiconductor material. 
However, the application of stresses to transistor designs 
without causing other undesirable effects such as warping 
of the chip is difficult and complicated even when the 
stress is applied from a stressed film formed over a con- 
ventional transistor design. It has only recently become 
practical to provide both tensile and compressive films at 
respective locations on the same chip. Further, forces ap- 
plied from films formed over or even around transistor 
structures transfer forces to a semiconductor substrate or 
layer indirectly in shear (causing opposite stressing of ad- 
jacent regions) and the pattern of forces within a sub- 
strate or other semiconductor layer rapidly diminish with 
depth and are difficult to regulate while being more likely 
to cause chip warping. No technique is known for devel- 
oping controlled tensile or compressive forces within a 
semiconductor substrate or layer to directly stress a de- 
sired region within that semiconductor substrate or layer. 
Summary of Invention 



[0006] ^ is therefore an object of the present invention to pro- 
vide a field effect transistor structure having a discontinu- 
ous insulator or semiconductor layer formed within a 
semiconductor layer or substrate with a discontinuity such 
as an aperture or film portion aligned with a gate struc- 
ture of the transistor and which can be fabricated on a 
bulk semiconductor wafer while having desirable proper- 
ties similar to transistors fabricated on SOI or UT-SOI 
wafers but without high resistance, floating body and 
other undesirable effects associated with SOI technology 
and UT-SOI technology, in particular. 

[0007] it i S another object of the invention to provide a hybrid 

bulk semiconductor-SOl transistor structure and method- 
ology for forming various insulator structures within a 
substrate or layer of semiconductor material at a desired 
depth and self-aligned with the transistor gate to increase 
uniformity and manufacturing yield. 

[0008] it is a further object of the present invention to provide 

carrier mobility enhancements by developing stressed re- 
gions within a semiconductor substrate. 

[0009] | n order to accomplish these and other objects of the in- 
vention, field effect transistor and/or an integrated circuit 
including a transistor is provided wherein the transistor is 



formed at a surface of a layer of semiconductor material 
and comprises a gate structure formed on the surface of 
the layer of semiconductor material, and a discontinuous 
film of material within the layer of semiconductor material 
and having a discontinuity aligned and, preferably, self- 
aligned with the gate structure of the transistor. 
[0010] | n accordance with another aspect of the invention, a 

method of forming a hybrid field effect transistor or inte- 
grated circuit is provided comprising steps of forming a 
gate structure, forming a discontinuous layer having a 
discontinuity aligned with the gate structure within a layer 
of semiconductor material underlying the gate structure. 
Material within and/or surrounding the discontinuity may 
be conductive or insulative and may or may not be 
stressed (tensile or compressive). 
Brief Description of Drawings 

[0011] The foregoing and other objects, aspects and advantages 
will be better understood from the following detailed de- 
scription of a preferred embodiment of the invention with 
reference to the drawings, in which: 

[0012] Figure 1 is a cross-sectional view of a generalized form of 
the invention, 

[0013] Figures 2, 3, 4, 5, 6, 7 and 8 are cross-sectional views 



representing steps in the formation of a first embodiment 
of the invention, 

[0014] Figure 9 is a generalized cross-sectional view of a second 
embodiment of the invention, 

[0015] Figures 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 are 

cross-sectional views illustrating fabrication of the struc- 
ture of Figure 9, 

[0016] Figures 20, 21, 22, 23, 24, 25A and 25B (Figures 25A and 
25B depicting alternative processes for forming SOI or 
SON or bulk devices, respectively) are cross-sectional view 
illustrating formation of a third embodiment of the inven- 
tion, and 

[0017] Figure 26 graphically illustrates the stress levels achieved 
by variant forms of the third embodiment of the invention. 
Detailed Description 

[0018] Referring now to the drawings, and more particularly to 
Figure 1, there is shown a cross-sectional view of a tran- 
sistor in accordance with a generalized form of the inven- 
tion. It will be appreciated by those skilled in the art that 
some aspects of the transistor illustrated in Figure 1, such 
as a gate G formed on a substrate 10 and having sidewalls 
16 to locate source S and drain D implants and extension 
implants, resemble known transistors and, indeed, the in- 



vention may be applied to virtually all known field effect 
transistor (FET) designs. Conversely, it will be recognized 
by those skilled in the art that the transistor of Figure 1 
provides a structure 12 within the substrate which may be 
shaped to include a region 14 close to the substrate sur- 
face, preferably in a "staircase" profile, as illustrated 
(which improves short channel effects and reduces 
source/drain and extension resistance, and which defines 
a region 18 centrally positioned below gate G and which 
may be of smaller transverse dimensions than the gate G 
(e.g. of sub-lithographic dimensions, assuming that gate 
G is formed at the minimum feature size that can be re- 
solved with a given lithographic exposure tool). Depend- 
ing on materials used to form structure 12, numerous de- 
sirable features may be formed singly or in combination 
to enhance the transistor design, as will be discussed in 
greater detail below in regard to several exemplary em- 
bodiments; from which those skilled in the art will be en- 
abled to derive other advantageous variants of the inven- 
tion." 

[0019] For example, if structure 12 is formed of an oxide or 

other insulator, a bulk semiconductor wafer can be effec- 
tively converted into a hybrid wafer having many of the 



beneficial properties generally associated with a silicon- 
on-insulator (SOI) wafer but with substantial cost savings 
and with the added advantages that the depth of structure 
12 can be varied at will to define the thickness of the con- 
duction channel of the transistor and floating body effects 
can be avoided. Further, the shaping of structure 12 may 
be readily controlled, for example, to form region 14 
which may be used to shape structure 12 in, for example, 
a "staircase" cross-sectional profile can be used to emu- 
late an UT-SOI wafer in regard to the confinement of 
channel depth with the additional advantage that a greater 
thickness of semiconductor material may be provided for 
source and drain structures that would not be available on 
a SOI or UT-SOI wafer. Further, the patterning of structure 
12, which may be performed in a manner self-aligned 
with the gates, provides a further region 18 which can be 
used, for example, to provide a conduction path to the 
channel to prevent floating body effects, alluded to above, 
or other desired effects or structures such as a further 
gate to provide a dual-gate FET and/or to localize 
stresses applied from a stressed film which can enhance 
carrier mobility. 

[0020] Referring now to Figures 2-8, fabrication of a first em- 



bodiment of the invention will now be discussed. This first 
embodiment will be referred to as featuring a self- 
aligned, recessed source and drain which provides low re- 
sistance and the possibility of silicided contacts while al- 
lowing confinement of the channel to a very shallow depth 
and a very sharp lateral diode junction by blocking diffu- 
sion from the source and drain regions to improve short 
channel effects. This geometry, achieved using a low cost 
bulk semiconductor wafer, also allows junction capaci- 
tance to be reduced and held to a low level while avoiding 
increase of overlap capacitance. 
[0021] Referring now to Figure 2, fabrication of the first preferred 
embodiment of the invention begins with a bulk semicon- 
ductor (e.g. silicon) wafer 20 which is much less expensive 
than a SOI wafer. However, a SOI wafer or other types of 
wafer can also be used and may provide additional advan- 
tages in some designs. A low fraction silicon-germanium 
(SiGe) alloy layer is then epitaxially grown on a surface of 
the wafer using any known technique. The fraction of ger- 
manium is not critical to the practice of the invention and 
a 10% germanium content is entirely adequate to the 
practice of the invention. Other materials may also be 
suitable since the principal function of the alloy is to pro- 



vide differential oxide formation as will be discussed be- 
low in connection with Figure 5. The thickness of the SiGe 
layer is also not critical to the practice of the invention 
and variation thereof may be useful in forming structure 
12 in a desired shape. A thickness of 20 - 50 nm has 
been found adequate for fabrication of a transistor in ac- 
cordance with the first preferred embodiment of the in- 
vention. Then, a thin layer 24 of epitaxial silicon or other 
semiconductor is formed over layer 22 to a non-critical 
thickness preferably approximating the desired depth to 
which the conduction channel of the transistor is to be 
confined. 

[0022] As shown in Figure 3, the gate structure G, including a 
gate oxide 30, gate electrode 22 and nitride protective 
layer 34 are formed by any known technique. This gate 
structure may be sacrificial and may be removed and re- 
placed after use as a hard mask but it is preferred, for 
process simplicity and overlay accuracy, that the structure 
be retained as the final transistor gate structure. Then, 
using the gate structure as a mask, arsenic is implanted to 
a depth exceeding the thickness of the SiGe layer (e.g. at 
an energy range such that impurities are implanted 
through the thin nitride 34 and thin silicon 24 and extend 



throughout the SiGe layer and well into the underlying 
semiconductor layer). 

[0023] As shown in Figure 4, a trench is opened by any known 
technique at any convenient location such as at the sides 
of the transistor, as shown, and which may advanta- 
geously be co-located with an isolation structure. After 
annealing, the implanted silicon is then selectively etched 
away by a timed etch process; the implanted silicon hav- 
ing a significantly higher etch rate. This process leaves 
voids within the semiconductor wafer or layer 10 where 
layers 20 and 22 are removed while leaving some portion 
of layer 20 and layer 24 intact. 

[0024] As shown in Figure 5, the structure of Figure 4 is selec- 
tively oxidized and the resulting oxide is etched selec- 
tively to the nitride layer. Since the oxidation rate of SiGe 
is about 3.5 times that of oxidation of silicon, relatively 
more of the SiGe will be oxidized. The etch rate, however, 
is substantially the same for oxidized silicon and oxidized 
SiGe and oxide is left only in regions where SiGe was ex- 
posed by the process of Figure 4 and a greater thickness 
of oxide formed. It should also be noted that this oxide is 
formed under the gate structure G while being located in a 
self-aligned manner using the gate structure as a mask. 



Therefore, region 18 is smaller than the gate structure G 
and may be of sub-lithographic dimensions. While this di- 
mension is not critical to the practice of the invention, it 
may be important to a given transistor design since region 
18 forms an electrical contact to the channel of the tran- 
sistor to avoid floating body effects and the resistance of 
this region should generally be considered in the course 
of design of the transistor. Dimensions of region 18 may 
be readily controlled in accordance with the gate structure 
dimensions and the duration of the oxidation process to 
determine the thickness of oxide and remaining semicon- 
ductor within the gate dimensions. 
[0025] it should also be noted from Figure 5 that silicon is ex- 
posed at the sides of region 50. As shown in Figure 6, sil- 
icon may then be epitaxially grown thereon. Silicon will 
not be grown on the oxide covering the SiCe but growth 
starting from region 50 may extend over a portion thereof 
to form spacers 60. Further, epitaxial silicon growth oc- 
curs on the exposed silicon on the back surface of thin 
silicon layer 24 to form recessed extension and source 
and drain (E&SD) regions 62. Then, as shown in Figure 7, 
a further arsenic implant and annealing are optionally but 
preferably performed, followed by a selective (to undoped 



silicon) etching process to be certain of avoiding shorting 
of the grown silicon spacer and the recessed E&SD re- 
gions. Since the silicon is selectively grown from exposed 
silicon but not oxide, any grown silicon (e.g. 70) which 
might connect these regions will be thinner over the oxide 
and can be readily removed by etching (e.g. to profile 70' 
of Figure 8). Then, as shown in Figure 8 the void is filled 
with deposited oxide; yielding a discontinuous oxide film 
having a cross-sectional shape similar to that of regions 
12 of Figure 1 and apertures aligned with the gate struc- 
ture of the transistor. This structure yields a transistor 
(when completed by self-aligned extension, source/drain 
and/or halo implants and contact formation by any known 
processes) with a well confined shallow channel and sharp 
lateral junction due to the confinement of impurity diffu- 
sion by the upper end 18 of oxide 52. At the same time, 
the thickness of the recessed E&SD 62 may be made sub- 
stantially greater than the channel depth to reduce or limit 
resistance. An ohmic connection of controllable resistance 
to the channel region is also formed at the apertures in 
the insulating film to avoid floating body effects with an 
arbitrarily small effect on the transistor performance since 
the resistance of connection 18 can be made readily con- 



trolled by control of the dimensions of the connection. 

[0026] Accordingly, it is seen that the invention provides for a 

structure of relatively arbitrary cross-sectional shape and 
materials to be developed within a layer of semiconductor 
material such as a bulk semiconductor wafer and which 
can impart useful and desirable characteristics to a tran- 
sistor or other active device while potentially reducing the 
cost thereof. In the case of the first preferred embodiment 
described above, a recessed extension and source-drain 
structure allows a shallow channel such as might be ob- 
tained from a SOI wafer in a much less expensive layer or 
wafer of bulk silicon while obtaining the further advan- 
tages of reduced resistance and/or overlap capacitance 
and avoiding the floating body effects incident to SOI FET 
structures. Another, second group of beneficial and desir- 
able effects can be obtained in accordance with a second 
preferred embodiment of the invention which will now be 
discussed in connection with Figures 9 - 20. 

[0027] | t j S now recognized that carrier (electron or hole) mobility 
in a semiconductor material can be enhanced by the ap- 
plication of stress to the semiconductor material. As can 
be readily understood, an increase in carrier mobility re- 
duces resistance of the material. In general, a compressive 



stress increases hole mobility but decreases electron mo- 
bility while tensile stresses increase electron mobility 
while decreasing hole mobility when stress is less than 
about 1.5 GPa. Therefore, while some techniques of im- 
posing persistent tensile and compressive stress have 
been recently developed, it is difficult to selectively pro- 
vide localized tensile and compressive stresses, particu- 
larly for complementary MOSFETS and gains in perfor- 
mance of pFETs are generally accompanied by deleterious 
effects in nFETs and vice-versa although this difficulty has 
recently been overcome, to a degree, by surface applica- 
tions of tensile and compressive films over transistor 
structures as disclosed for example in U. S. Patent Appli- 
cations 10/695,748 and 10/695,752, both assigned to 
the assignee of the present invention and hereby fully in- 
corporated by reference herein. Unfortunately, surface ap- 
plications of stressed films do not transfer stresses to the 
conduction channel with optimal efficiency and, in partic- 
ular, to the relatively high resistance regions of the con- 
duction channel under the spacers and adjacent the tran- 
sistor gate where very high stresses are required for sig- 
nificant improvement in transistor characteristics to be 
achieved. Moreover, the higher stresses required in the 



surface film and outside the substrate may cause other 
deleterious effects such as chip curling or cracking, loss 
of film adhesion and the like. 
[0028] Referring now to Figure 9 a generalized cross-sectional 
view of a second preferred embodiment for applying 
stresses within the substrate or layer of semiconductor 
material is shown. It may be helpful to an appreciation of 
the scope of the present invention to compare Figure 9 
with Figure 1, discussed above. In particular, the second 
preferred embodiment provides a discontinuous insulator 
film structure within a portion of a substrate underlying a 
transistor and having discontinuies aligned (e.g. self- 
aligned) with the gate thereof and lying below the con- 
duction channel of the transistor. However, the discontin- 
uous film is a stressed film aligned with and underlying 
the gate structure rather than having an aperture aligned 
with the gate and a second stressed insulator film is also 
preferably included to enhance the effects of the first film 
in providing further increased stress in the channel. It will 
also be observed by those skilled in the art that Figure 9 
illustrates a transistor formed on a SOI or UT-SOI layer but 
will also recognize from the following description that the 
structure in accordance with the second preferred embod- 



iment can be applied to and known transistor design in 
any semiconductor layer or in a bulk semiconductor sub- 
strate or even below the hybrid SOI-bulk semiconductor 
structure of Figure 1 (with a suitable connection provided 
for connection 18 thereof). The SOI structure is illustrated 
in Figure 9 principally to emphasize that the stressed film 
layer 90 is below the depth to which the transistor ex- 
tends and it should be understood that the region 10" 
could comprise substrate 10 of Figure 1 (in which oxide 
region 14 confines the effective transistor depth) and 
should be considered as representative thereof as well as 
of an SOI structure. It will also be appreciated that while 
oxide regions 14/52 of the first embodiment are within 
the dimensions of the gate and smaller than the trans- 
verse dimensions of the gate as an incident of the growth 
of oxide 52 which may be controlled to advantage, as de- 
scribed above, while the first stressed film 92 is more ex- 
actly aligned with the gate (and advantageously so), it will 
be appreciated that the alignment of the structure with 
the gate is preferably achieved in regard to both struc- 
tures in a manner self-aligned with the gate and the prin- 
cipal differences of shape and materials of the structure 
within the substrate should be considered as exemplary 



while other shapes and materials may be advantageously 
used to engender other desired device features, as will be 
apparent to those skilled in the art in view of the respec- 
tive descriptions thereof. Again, the gate, G, source, S, 
and drain, D, structures shown are also exemplary and 
non-critical in Figure 9 and it should be understood that 
the embodiment of Figure 9 can be applied to any transis- 
tor design to increase carrier mobility. 
[0029] Referring now to Figure 10, an initial state of the sub- 
strate for formation of the second preferred embodiment 
in shown. Again, as discussed above, layer(s) 10' is illus- 
trated as a SOI or UT-SOI structure but could be any 
monocrystalline silicon layer. In either case, the structure 
is preferably bonded to a composite substrate comprising 
a polycrystalline semiconductor (preferably large grain 
polysilcon) layer 110, a polycrystalline semiconductor al- 
loy structure (preferably polycrystalline SiGe) layer 120 
and a bulk semiconductor layer 130. (The corresponding 
region in the completed first preferred embodiment has 
also been labeled with reference numeral 130 in Figure 1, 
for purposes of understanding of the basic principles of 
the invention.) As shown in Figure 11, a gate structure is 
formed (as also shown in Figure 3) but preferably with a 



comparatively thicker oxide cap to prevent the etch- 
controlling implantation of boron from being made in the 
gate electrode region. The boron implantation is made at 
an energy distribution to distribute boron substantially 
only in the large grain polysilicon layer 110 and only in 
the regions outside the gate structure. The boron implant 
dose is not critical other than to develop an adequate dif- 
ferential etch rate relative to polysilicon for a given 
etchant. (Boron doped silicon has a reduced etch rate rel- 
ative to undoped silicon: for example, using a 42% KOH 
etchant at 60°C, a factor often reduction in etch rate is 
obtained at a boron implant dose of 10 20 /cm 3 .) At least 
one insulator-filled trench 140 for shallow trench isola- 
tion is also preferably formed at this stage, if not before. 
Then, as shown in Figure 12, at least a portion of at least 
one of the shallow trench isolation structures (for exam- 
ple, 140' at the left of Figure 12) is etched to a level below 
the boron doped polysilicon region 150, allowing the 
polycrystalline SiGe layer 120 to be etched selectively to 
the silicon layers 110 and 130 above and below it as 
shown in Figure 13. 
[0030] Oxide 160 can then be deposited by any directive deposit 
technique (e.g. high density plasma (HDP) deposition) on 



the surface 180 of the SOI structure or layer 10' to mask it 
from etching when the region 170 of layer 110 masked 
from the boron implantation is removed by selective etch- 
ing to form additional void 170' as shown in Figure 14. 
Then, as shown in Figure 15, a first stressed film, com- 
pressive for nFETs and tensile for pFETs, preferably a 
known tensile or compressive nitride such as cobalt ni- 
tride or palladium nitride, is deposited, generally confor- 
mally, over the entire exposed surface including the inte- 
rior exposed through the etched STI structure discussed 
above. It should be noted that the preferred stressed films 
generally tend to fill surface irregularities such as void re- 
gion 170' preferentially; providing an increased thickness 
in such regions. Thus when nitride is selectively and 
anisotropically etched, as shown in Figure 16, a deposit 
180' of the first stressed film 180 will remain in region 
170'. As an incident of this process, it should be noted 
that nitride sidewalls on the gate structure will be re- 
moved to approximately the surface of the protective ox- 
ide 160 as also shown in Figure 16. This remaining por- 
tion of the sidewall is not important to the principles of 
the present invention but may affect sidewall or implant 
geometry of the transistor during later processes after the 



protective oxide 160 is removed. As long as the nitride is 
very thin (e.g. less than 5-10 nm), the effect will be very 
small. 

[0031] Then, as shown in Figure 17, an implant of arsenic is 
made self aligned with the gate structure into the p-Si 
boron doped regions 150. This implant and masking by 
the gate is substantially unaffected by nitride 185 since it 
is thin and of substantially the same thickness as the pro- 
tective oxide 160. (However, the implantation range in or 
through nitride is about 30% shorter than the implantation 
range in or through oxide and thus may be significant in 
some designs. This implant changes the boron doped 
polysilicon (p-Si) into n-type p-Si in order to selectively 
etch the p-Si away, preferably using KOH as an etchant 
selectively to the first stressed nitride film as well as the 
buried and protective oxides. Then, the void below the 
buried oxide is filled with a second stressed film having a 
stress preferably opposite to that of the first stressed film 
for the respective nFETs and pFETs (e.g. the second 
stressed film is preferably tensile for nFETs and compres- 
sive for pFETs). The opposition of stresses of the first and 
second stressed films tends to increase the compressive 
or tensile stresses at the boundaries between tensile and 



compressive films which, in the case of the exemplary 
embodiment discussed above, is adjacent the depletion 
regions at the source and drain diode junctions which ad- 
vantageously increases carrier mobility preferentially to 
reduce resistance where resistance is particularly great 
along the conduction channel of the transistor since the 
boundaries of the stresses films are self-aligned with the 
gate structure of the transistor. Then, the protective oxide 
160 is preferably removed, as shown in Figure 19 and the 
transistor completed by any processes appropriate to its 
design. 

[0032] it should be appreciated that the formation of a stressed 
structure immediately below the SOI or UT-SOI structure 
and relatively more centrally within the substrate or un- 
derlying layer provides more direct and efficient applica- 
tion of stress to the conduction channel of the transistor 
and thus potentially greater stress levels for increased 
carrier mobility as compared with previous surface appli- 
cations of stressed films while reducing any tendency to 
cause curling of the chip or wafer. Therefore, stresses of 
about 1-2 GPa can be reliably imposed at the ends of the 
conduction channel to increase carrier mobility by about 
50% to 80% in accordance with the above-described em- 



bodiment of the invention. However, even greater stresses 
and carrier mobility increases may be engendered in ac- 
cordance with the further embodiment of the invention 
which will now be described. 
[0033] As alluded to above, when the SOI structure is very thin 

(e.g. less than 10 nm, comparable to a currently minimum 
spacer thickness), the resistance under the spacer area 
becomes large and degrades device performance. As a 
partial solution, it has been proposed to form a raised 
source/drain (RSD) structure close to the gate in order to 
reduce the resistance. However, this proximity of the 
source and/or drain to the gate causes undesirable in- 
crease of overlap capacitance between the RSD and the 
gate. For example, for a 30 nm RSD and a 10 nm spacer, 
the overlap capacitance will increase about 0.08fF/um or 
25% for a spacer of oxide and about 0.2fF/um or 50% for 
a spacer of nitride. As a practical matter, the resistance 
cannot be decreased by reducing the length of the high 
resistance regions because, at the present state of the art, 
a nitride spacer having a thickness of less than 10 nm 
cannot be reliably formed. While an oxide spacer can be 
formed with a thickness of less than 10 nm, such a re- 
duced thickness will cause the device to suffer from in- 



creased overlap capacitance. The following third embodi- 
ment of the invention, however, reliably provides both re- 
duced resistance and reduced overlap capacitance as 
compared with raised SD and extension structures pro- 
posed to date consistent with acceptable manufacturing 
yield. It should be noted that while the third embodiment 
as will be described below is applicable only to pFETs, it is 
entirely compatible with electron mobility enhancements 
applicable to nFETs and, in general, resistance due to 
electron mobility in nFETS is less serious than resistance 
due to hole mobility in pFETs. 
[0034] Referring now to Figure 20 an initial stage of formation of 
a third embodiment will now be discussed. It should be 
appreciated that, similarly to the preferred form of the 
first embodiment and in contrast with the exemplary form 
of the second embodiment, an SOI structure is not used, 
resulting in much reduced materials cost, but could be 
employed, if desired, although some small compromise of 
the meritorious effects of this third embodiment might be 
engendered by the additional intervening oxide layer be- 
tween the transistor and the stressed film. Moreover, as 
will be explained below, an SOI or SON device or a bulk 
device can be created, as desired, in conjunction with the 



formation of the third embodiment of the invention. Ac- 
cordingly, a bulk semiconductor substrate 200 is prefer- 
ably provided and covered with a strained SiGe layer 210 
and a relaxed (through formation by epitaxial growth of 
silicon on SiGe, for example) monocrystalline semicon- 
ductor (e.g. silicon) layer 220 formed thereover as shown 
in Figure 20. It will be appreciated by those skilled in the 
art that the conduction channel thickness will be limited 
by the thickness of the layer 220 in much the same man- 
ner that the effective channel thickness is limited by ox- 
ide/insulator regions 14 in the first embodiment of Figure 
1 and the exemplary SOI structure of the second embodi- 
ment; any or all of which can be made very thin. 

[0035] Then, as shown in Figure 21, isolation trenches (e.g. STI 
structures 225) are formed and a FET is formed with all 
dopants in place. As will be appreciated by those skilled in 
the art, the source and drain diode junctions 230 are thus 
formed self-aligned with the gate stack and/or spacers 
formed on the relaxed semiconductor layer 220. 

[0036] As shown in Figure 22, a nitride layer 240 is deposited 

possibly covering one trench 225 and opening at least one 
trench 225', stopping approximately at the upper level of 
the substrate or layer 200. Then, a nitride spacer 250 is 



formed by anisotropic deposition and isotropic etching to 
cover the ends of layers 210 and 220. Following the for- 
mation of the nitride spacer, the selective oxide etch of 
the STI structure is continued on the left trench to expose 
the sidewall of the silicon substrate or layer, as shown in 
Figure 23. Boron is then implanted into the strained SiGe 
layer 210 and annealed. Then layer 200 can be etched se- 
lectively to the strained SiGe to form void 260. (Optionally, 
an additional SiGe layer 220' can be provided below the 
bulk semiconductor layer 200 to obtain a flat plane after 
wet etch. An SiGe layer, if used, limits the extent of the 
wet etch depth within the substrate and prevents the wet 
etch from proceeding deeper than the isolation (e.g. STI) 
structures which would damage isolation.) Void 260 is 
then enlarged in region 265 by selective etching of the 
strained SiGe under the gate which has not been heavily 
doped by a boron implant self-aligned with the gate 
structure. When this region of strained material is re- 
moved, a discontinuity/boundary is created which can ap- 
ply stress to the desired ends of the channel of the tran- 
sistor. The stress in the SiGe will partially be released un- 
der the gate and then compressive stress will be formed 
in the channel to enhance pFET performance. Further, as 



an incident of the heavy boron implantation and anneal- 
ing, the boundary of the remaining conductive, heavily- 
doped, strained SiGe assumes a substantially ogee or 
staircase profile which improves short channel effects in 
the transistor as well as providing a recessed E&SD as dis- 
cussed above. Thus, the third embodiment can provide 
the "staircase" intra-layer or buried structure profile of the 
first embodiment (which improves short channel effects 
and reduces source/drain and extension resistance) in 
combination with two stressed films self-aligned with the 
gate to provide increased stress in the transistor channel 
as well as the possibility of substantially surrounding the 
transistor with stressed films to avoid stress levels being 
limited by adhesion limits. 
[0037] Referring now to Figure 25A, a thin oxide 270 is de- 
posited to protect the surface under the channel and then 
a tensile nitride film 280 is deposited to add additional 
compressive stress to the channel. This stress is efficiently 
transferred to the channel since the film thus substantially 
surrounds the transistor both above and below the chan- 
nel (e.g. but for STI structure 225 which could optionally 
be opened and stressed film applied therein to even more 
fully surround the transistor). The thickness of layer 280 



may be designed to regulate the amount of stress applied. 
Those skilled in the art will also appreciate that this con- 
figuration of the stress film 280 can apply additional 
stress beyond the stress which can be applied in shear 
from a planar or conformal layer as in the second embod- 
iment described above or previously proposed surface ap- 
plications of the stressed film within the adhesion limits 
of the film. Further, since the stressed film substantially 
surrounds the transistor, there is essentially no tendency 
toward curling of the wafer or substrate. It should also be 
understood that the stressed film 280 is optional and 
could be omitted to obtain a SON device of reduced ca- 
pacitance while still engendering substantial stress in the 
channel for increased carrier mobility. 
[0038] Alternatively, as shown in Figure 25B, void 260, 265 can 
be filled with a stressed material such as a strained sili- 
con-carbon alloy (SMC) 290 by epitaxial growth or the like 
and direct etching of the fill material on top of the CA 
liner 240. In this case, the Si:C is not subject to a high 
temperature process and the stress in the Si:C is main- 
tained. Alternatively, an oxide film can be formed and 
etched to leave oxide on the SiCe surface while opening 
the surface of the silicon layer 220 under the channel (due 



to the more rapid growth of oxide on SiGe than on silicon 
as in the first embodiment) to prevent the Si:C alloy from 
growing from the SiGe to enhance channel stresses and 
improve short channel effects. 

[0039] The comparative meritorious effects of these variant 
forms of the third embodiment of the invention are 
graphically illustrated in Figure 26. Figure 26, for clarity, 
shows only compressive stress along the 10 nm thickness 
of the channel at 5nm below the gate oxide after etch of 
the strained SiGe (solid line 310) and after deposit of 40 
nm of stressed nitride (dashed line 320) in which the 
stress was about 1.5 GPa. The removal of the strained 
SiGe under the gate produces about 600 MPa of stress in 
the channel with substantial peaks proximate to the 
source and drain junctions (as in SON devices) and a sub- 
stantial contribution and increase of that stress is also 
clearly attributable to further stressed film deposits (as in 
SOI and bulk semiconductor devices). 

[0040] | n V j ew 0 f the foregoing, it is seen that the invention pro- 
vides a structure within a semiconductor substrate or 
layer and a reliable technique for forming such a structure 
which has substantial and varied meritorious effects or 
transistor performance and cost. Costly SOI and UT-SOI 



substrates can generally be avoided with the SOI/bulk 
semiconductor hybrid construction of transistors in accor- 
dance with the invention while developing comparable and 
enhanced performance using much less expensive bulk 
semiconductor substrates while avoiding floating body ef- 
fects. Channel resistance can be reduced while maintain- 
ing an extremely thin and easily controllable conduction 
channel and without the complexity of RSD structures or 
increased overlap capacitance. 
[0041] while the invention has been described in terms of a three 
preferred embodiments and variants thereon, those 
skilled in the art will recognize that the invention can be 
practiced with further modification within the spirit and 
scope of the appended claims. 



